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1. INTRODUCTION 
Measurements of optical and ESR difference 
spectra indicate that in addition to the iron-sulfur 
centers FA and FB [1--3] at least 2 [4--6] (and pos- 
sibly 3 [7]) other components serve as electron ac- 
ceptors in system I of photosynthesis. These elec- 
tron acceptors have been called A0, AI and Fx or 
A2; their oxidation-reduction potentials appear to 
be lower than those of the centers FA and F B and 
they are thought o react before these centers in 
the electron-transport chain. 
On basis of flash spectroscopy, both at room 
temperature [8,9] and at 5 K [4], it was proposed 
that AI is a chlorophyll a molecule that is reduced 
to the anion radical upon illumination. In support 
of this notion, an ESR signal near g = 2.00 was 
observed that could be ascribed to the A~-radical 
[6]. However, the absorbance changes in the near- 
infrared region resemble more those of triplet for- 
mation (see also [11,12]) than of the formation of a 
radical pair P+-700-Chl a -  [6], and there are in- 
dications [7,13] that the g = 2.00 signal is due to 
> 1 radical species. Thus, the evidence concerning 
the identity of A1 must be considered to be in- 
conclusive. 
The notion that Fx is an iron-sulfur protein is 
based on the ESR spectrum observed upon il- 
lumination at low redox potential [5], and is sup- 
ported by recent optical measurements with sub- 
cellular preparations from the blue-green alga 
Abbreviations: BChl, bacteriochlorophyll: Chl, chlo- 
rophyll; P-700, primary electron donor of system 1: 
PMS, N-methyl phenazonium ethosulfate 
Synechococcus [14]. However, absorption dif- 
ference spectra obtained with photosystem I parti- 
cles from spinach did not show a clear iron-sulfur 
difference spectrum [4]. 
In view of these uncertainties, especially those 
concerning the identity of AI, we measured the ab- 
sorbance changes brought about by illumination of  
photosystem I particles from spinach at low redox 
potential. If the re-reduction of the primary donor 
is fast enough, reduced electron acceptors are then 
photoaccumulated. This method has been suc- 
cessfully applied to obtain the difference spectra of 
the pheophytin acceptors of photosystem II [15] 
and of purple bacteria [16,17], and recently also of 
a BChl a acceptor in a preparation from a green 
photosynthetic bacterium [18]. Interference by 
triplet formation is avoided, since relatively slow 
absorbance changes are measured. 
Using the method of photo-accumulation we 
have obtained the absorption difference spectra of 
the reduction of Fx and Al, respectively. The first 
spectrum shows bands in the blue region that are 
typical for an iron-sulfur protein; the second 
spectrum resembles that of the reduction of a Chl 
a monomer with Qy band near 670 nm. 
2. MATERIALS AND METHODS 
Triton-fractionated photosystem I particles 
(TSF-1) containing - 100 Chl/P-700 were pre- 
pared from chloroplasts as in [19]. The samples 
were poised at a redox potential (Eh) of ---620 
mV by addition of freshly prepared ithionite so- 
lution at pH 10.0 to keep the centers FA and F B in 
the reduced form. The suspension medium con- 
tained in addition 0.04% Triton X-100, 8mM 
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sodium phosphate, 45 mM glycine, 8 mM sodium 
ascorbate, 0.1 mM PMS, 80 ~tM 1,1'-trimethylene- 
2,2'-dipyridylium dibromide when indicated, and 
1 mg glucose, 0.2 mg glucose oxidase and 0.2 mg 
catalase/ml to maintain anaerobiosis. The vio- 
logen was a gift of Dr B. Ke (Yellow Springs OH). 
The samples were kept under nitrogen gas. The 
absorbance at 676 nm was 1.2-1.4 mm- l .  All ex- 
periments were done at 0 -4°C.  
The light-induced absorbance changes were 
measured in a 1 mm cuvette with the apparatus in 
[20]. Actinic illumination was provided through 
Schott RG 665, 2 mm filters (intensity -20  mW/  
cm 2 between 665-720 nm) for measurements be- 
tween 390 and 615 nm, or through a combination 
of Corning CS 4-96, a Schott BG 38, 4 mm and a 
Balzers Calflex C filter (intensity -25  mW/cm2) 
for the region 615-735 nm. 
3. RESULTS AND DISCUSSION 
3.1. Photoreduction f Fx 
Illumination of a reduced system I preparation 
in the presence of l,l '-trimethylene-2,2'-di- 
pyridylium dibromide produced absorbance 
changes that developed within a few tenths of a 
second in the light and reversed rapidly in the 
dark. At some wavelengths irreversible absorbance 
changes occurred, that were probably due to 
damage to the preparation by the intense illumina- 
tion. Fig.l shows the absorption difference spec- 
trum of the reversible changes, obtained in a re- 
gime of alternating 0.8 s light and - 30 s darkness. 
In the blue region, the spectrum shows a negative 
band at 420 and a shoulder at 440-450 nm. It re- 
sembles that of a reduced-minus-oxidized i ron -  
sulfur protein; at least in the blue region it is simi- 
lar to that obtained under the same conditions 
with a subcellular preparation from Synechococcus 
[14]. Since the iron-sulfur centers FA and FB are 
reduced at Eh = --620 mV [21], we assume that 
the spectrum is due to reduction of Fx. In addition 
to the absorbance changes in the blue region, the 
spectrum shows a positive band at 680 nm and 
minima at 660 and 710 nm which may be ascribed 
to electrochromic absorbance changes of Chl a. 
The illumination intensity used to obtain the 
spectrum of fig.l was not completely saturating. 
Measurements at different light intensities indi- 
cated an absorbance decrease at 430 nm of - 7 × 
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Fig.1. Absorption difference spectrum of photosystem I 
particles obtained at Eh ----620 mV (pH 10.0) in the 
presence of dithionite, 1,1'-trimethylene-2,2'-dipyridy- 
lium dibromide, PMS and oxygen scavengers as indi- 
cated in the text. Illumination: blue light for the region 
above, red light for the region below 615 nm; the spectra 
in the blue and in the red region were matched by com- 
paring the absorbance changes at 430 and 690 nm in ac- 
tinic light of 606 nm. The absorbance scale refers to the 
blue region. Insert: kinetics at 430 nm. The horizontal 
bar indicates the 0.8 s illumination period. 
10-4 at saturation. If  it is assumed that one i ron -  
sulfur center is then reduced per reaction center, 
this would correspond to a differential extinction 
coefficient of 3.5 mM -1 . cm- l  at 430 nm. 
The difference spectrum obtained in [14] under 
similar conditions and with a similar preparation 
resembles our spectrum in the far-red region, with 
a positive band at about 680 nm and a negative 
one at -720  nm, but at shorter wavelengths is 
clearly different from ours. This is especially true 
at 440-450 nm where a sharp maximum and mini- 
mum were observed, that were ascribed to elec- 
trochromic absorbance changes of Chl a. The rea- 
son for this discrepancy is not clear. The spectrum 
obtained in [22] at higher Eh, which is similar to 
ours in the blue, but not in the red region may be 
due to reduction of center FB, as discussed in [23]. 
3.2. Photoreduction f Al 
In earlier work with a preparation from a green 
photosynthetic bacterium [18] we noticed that pho- 
toaccumulation f BChl a -  at low Eh did not occur 
in the presence of methylviologen, presumably be- 
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cause of rapid reoxidation of the reduced acceptor 
in the presence of the redox catalyst. Therefore, we 
repeated the above experiments in the absence of 
1,1'-trimethylene-2,2'-dipyridylium d bromide, to 
check if reduction of more primary acceptors than 
FX could be obtained in the absence of the redox 
mediator. 
Relatively large and slow absorbance changes 
were now indeed observed. In the red region, the 
absorbance changes took several seconds for com- 
pletion, and upon turning off the light, they re- 
versed with a half-time of -2  s (fig.2). Again, irre- 
versible or very slowly reversible changes were 
present at most wavelengths. In the blue region, 
the decay kinetics were somewhat more compli- 
cated. Especially at shorter wavelengths, they 
showed an additional faster component of < 1 s. 
An approximate correction was made by extrapo- 
lating the 2 s component to t = 0. The spectrum 
thus obtained (fig.2) showed negative bands near 
420 and at 670 nm, and positive bands at 460 and 
690 nm. 
The difference spectrum is in agreement with 
the hypothesis that Chl a functions as primary 
electron acceptor for system I. However, the Qy 
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Fig.2. Absorption difference spectrum obtained under 
the same conditions as for fig. 1, but with the omission of 
l,l'-trimethylene-2,2'-dipyridylium dibromide. The ab- 
sorbance scale refers to the region 615-735 nm; the 
spectra in the blue and in the red region were matched 
by comparing the absorbance changes at 460 and 
690 nm in actinic light of 606 nm. Insert: kinetics at 
690 nm. The horizontal bar indicates the 3 s 
illumination period. 
band of the Chl a acceptor appears to be located at 
670, rather than at 695 nm as concluded [4,8]. 
Thus, neither the optical nor ESR evidence 
[4,6,7,24] indicates that the acceptor is a Chl a di- 
mer as earlier proposed [4,8], and in fact it seems 
much more likely that the acceptor is a monomer 
as in green bacteria [18]. The absorption difference 
spectrum would not exclude that the acceptor is 
pheophytin a [25], but this seems unlikely because 
of the Em of pheophytin a in vitro [26] and because 
of its reported absence in photosystem I particles 
I27]. 
Measurements of the absorbance changes in the 
red region at different actinic intensities indicated 
that the amplitude of the absorbance changes of 
fig.2 was ~ 50% of that obtained at light satura- 
tion. This would correspond to the reduction of 1 
Chl a molecule/reaction center in strong light if a 
differential extinction coefficient of -60  mM-1 
• cm-I  at 670 nm is assumed. There is evidence 
that > 1 radical with an ESR signal near g = 2.00 
can be frozen in by cooling in strong light under 
reducing conditions [7,13], and that in addition to 
AI an intermediary acceptor Ao can be accumu- 
lated in the reduced form [7]. The size of the absor- 
bance changes measured at 670 nm suggests that 
the spectrum of fig.2 represents the reduction of 
At only, rather than of both electron acceptors. 
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